Huntington disease (HD) is a neurodegenerative disorder caused by an expanded CAG tract in the HD gene. Polyglutamine expansion of huntingtin (htt) results in early, progressive loss of medium spiny striatal neurons, as well as cortical neurons that project to the striatum. Excitotoxicity has been postulated to play a key role in the selective vulnerability of striatal neurons in HD. Early excitotoxic neuropathological changes observed in human HD brain include increased quinolinate (QUIN) concurrent with proliferative changes such as increased spine density and dendritic length. In later stages of the disease, degenerative-type changes are apparent, such as loss of dendritic arborization, a reduction in spine density and reduced levels of 3-hydroxykynurenine and QUIN. It is currently unknown whether sensitivity to excitotoxic stress varies between initiation and progression of disease. Here, we have assessed the excitotoxic phenotype in the YAC128 mouse model of HD by examining the response to excitotoxic stress at different stages of disease. Our results demonstrate that YAC128 mice display enhanced sensitivity to NMDA ex vivo and QUIN in vivo before obvious phenotypic changes. In contrast, 10-month-old symptomatic YAC128 mice are resistant to QUIN-induced neurotoxicity. These findings are paralleled by a significant increase in NMDAR-mediated membrane currents in presymptomatic YAC128 dissociated medium spiny neurons progressing to reduced NMDAR-mediated membrane currents with disease progression. These data highlight the dynamic nature of the mutant htt-mediated excitotoxic phenotype and suggests that therapeutic approaches to HD may need to be altered, depending on the stage and development of the disease.
Introduction
Huntington disease (HD) is an adult onset neurodegenerative disorder characterized by progressive deterioration of cognitive and motor functions (Harper, 2005) . Neurodegeneration occurs most severely in the medium spiny neurons (MSNs) of the striatum, and at later stages in the cortex and other regions of the brain (Vonsattel et al., 1985) . The huntingtin (htt) protein is expressed in neurons, including dendrites and axon terminals (Sharp et al., 1995) and is involved in a wide range of cellular activities including mediating glutamate-induced intracellular signaling and vesicle trafficking (DiFiglia et al., 1995; Velier et al., 1998; Metzler et al., 2007) .
Several lines of evidence have demonstrated that excitotoxicity is an important mechanism leading to neuronal death in HD (Graveland et al., 1985; Beal et al., 1991; Ferrante et al., 1991; Landwehrmeyer et al., 1995) . Early studies demonstrated that intrastriatal injections of glutamate analogs in mice and primates cause lesions similar to those observed in HD patients (McGeer and McGeer, 1976; Isacson et al., 1985; Beal et al., 1991) and behavioral features in primates reminiscent of HD motor dysfunction (Ferrante et al., 1993; Burns et al., 1995) .
Golgi impregnation studies, performed on human HD brain tissue, support the role of excitotoxic stress as a critical event in the pathogenesis of the disease. Indeed, there are marked alterations in the neuronal morphology of HD MSNs consistent with excitotoxic damage. (Graveland et al., 1985; Ferrante et al., 1991) .
More recently, alterations in components of the glutamate receptor signaling pathway in tissues from patients and mouse models of HD have been observed, including defects in NMDAR activity and disturbances in the kynurenine pathway (Guidetti et al., 2004 (Guidetti et al., , 2006 Li et al., 2004) . Levels of the potent NMDAR agonist quinolinate (QUIN), are elevated in the striatum and cortex of early grade human and murine HD brains. Levels of 3-HK, a metabolic product of the kynurenine pathway known to potentiate QUIN-mediated excitotoxicity, are likewise elevated early in the course of the disease. Increased NMDAR-mediated currents and enhanced excitotoxicity after glutamate/NMDA stimulation have also been demonstrated in several HD models early in the pathogenesis (Levine et al., 1999; Cepeda et al., 2001; Zeron et al., 2004; Graham et al., 2006b) . Of note, YAC models which do not exhibit an HD phenotype, such as Shortstop and the C6R mice, are resistant to NMDAR-mediated excitotoxicity Graham et al., 2006a) . However, it is unknown how susceptibility to excitotoxicity varies depending on the phenotypic stage of the illness. As many compounds that modulate glutamate receptor function are currently being tested for their efficacy in therapeutic trials, it is essential to understand the relationship between susceptibility to excitotoxicity and disease state to inform both the timing and mode of therapy.
In the present study, we investigated whether stage of the illness influences sensitivity to excitotoxins using the YAC128 model. The YAC models display an age and CAG dependent phenotype that recapitulates many features of the human disease including, cognitive dysfunction, motor deficits and selective striatal degeneration (Slow et al., 2003; Van Raamsdonk et al., 2005) . Our findings demonstrate that YAC128 mice display enhanced sensitivity to multiple excitotoxins in the early phase of the disease, before development of cognitive dysfunction and motor abnormalities. However, as the disease manifests and progresses, the mutant htt (mhtt)-induced excitotoxic phenotype evolves to a resistance to excitotoxic stress. We further demonstrate that this biphasic excitotoxic phenotype is paralleled at the electrophysiological level by increased postsynaptic receptormediated and synaptically evoked NMDA currents in presymptomatic YAC128 mice which decrease with advanced disease progression.
Materials and Methods

Generation of YAC transgenic mice. A 350kb YAC (353G6)
, containing the entire HD gene with 128CAG repeat was purified and microinjected into FVB/N (Friend virus B-type susceptibility-NIH) pronuclei as described previously (Slow et al., 2003) . Founder mice, YAC128 HD53 (heterozygotes) and HD55 (homozygotes), were identified as formerly described (Hodgson et al., 1996; Slow et al., 2003; Graham et al., 2006b ). Mice are maintained on FVB/N background strain. All mice are housed, tested and tissues harvested according to Animal Protocol A07-0106 of the University of British Columbia.
NMDAR-mediated excitotoxicity. Embryos were isolated at embryonic day 16.5 (E16.5) from time-pregnant YAC128 (HD53) females. Striatal neurons were cultured for 9 -10 d and apoptotic cell-death post-NMDA stimulation determined as described previously (Metzler et al., 2007) . Briefly, striatal neurons were stimulated with 500 M NMDA and 30 M glycine in extracellular solution (ECS) in the absence of Mg 2ϩ for 10 min at 37°C. Neurons were washed in ECS and incubated in cell culture media for 24 h. A combination of terminal deoxynucleotidyl transferasemediated biotinylated dUTP nick end labeling (TUNEL, Roche) and propidium iodide (PI, Sigma) staining was used to determine NMDAinduced cell-death as previously described (Zeron et al., 2002; Graham et al., 2006a) . Neurons (200) were counted in a blinded manner per sample setup in triplicate for each condition and genotype in each of 3 independent experiments.
Quinolinic acid injections. All surgical procedures were performed in accordance with University of British Columbia Animal Care Committee guidelines. QUIN (Sigma) was dissolved into 0.1 M PBS. Mice were anesthetized with 1.5% isoflurane and received intrastriatal injections of 4 or 6 nM QUIN. Coordinates of the injection site are as follows: 0.8 mm posterior to Bregma, 1.8 mm lateral from the midline and 3.5 mm below the dorsal surface of the neocortex. Seven days after injection, mice were terminally anesthetized as described below and analyzed in a previously described procedure (Zeron et al., 2002; Graham et al., 2006a) .
Quantitative analysis. All quantitative analysis was done blind with respect to genotype. Seven days after intrastriatal QUIN injection, mice were terminally anesthetized by intraperitoneal injection of 2.5% avertin and perfused with 3% paraformaldehyde in PBS. The brains were stored in 3% paraformaldehyde for 24 h at 4°C then removed and stored in PBS. Before sectioning, brains were transferred to a 30% sucrose solution containing 0.08% sodium azide in PBS, left overnight then mounted using Tissue-TEK O.C.T. compound (Sakura). Mouse brains were cut using a cryostat (Microm HM 500M, Richard-Allan Scientific) and coronal sections (25 m) spaced 150 l apart were stained with Flurojade (Histo-Chem). The perimeter of the striatal lesion for each section was traced using StereoInvestigator software (Microbrightfield). For assessment of the number of Fluoro-Jade-positive cells, a 25 ϫ 25 m counting frame was randomly placed within the delineated lesion area and then systematically moved through the striatum. The number of Fluoro-Jadepositive cells was then determined by StereoInvestigator software (Microbrightfield).
Permanent middle cerebral artery occlusion. Focal cerebral ischemia was produced using a model of permanent middle cerebral artery occlusion (MCAO) as previously described (Zhang et al., 2003) . Anesthesia was induced in YAC128 (HD53) mice and their wild-type (WT) littermates (body weight 16 -26 g.) with 2% (v/v) isoflurane (70% N 2 O/30% O 2 ) and was maintained with a 1-0.5% concentration. Mice were randomly coded and the tester was blind to genotype. Focal cerebral ischemia was induced by an intraluminal 7-0 nylon thread with a silicone tip (180 m diameter) introduced into the right cervical internal carotid artery. The thread was inserted 9 Ϯ 1.0 mm into the internal carotid artery up to the middle cerebral artery. A laser Doppler perfusion monitor (Perimed AB) was adhered to the right temporal aspect of the animal's skull and used to confirm middle cerebral artery flow disruption. After 24 h of MCAO, the mice were killed, each brain rapidly removed and chilled for 2 min. Coronal sections (1 mm thick; n ϭ 6) were cut with a mouse brain matrix. Each slice was immersed in a saline solution containing 2% 2,3,5-triphenyltetrazolium chloride (Sigma) at 37°C for 20 min. After staining, each slice was scanned with an HP scanjet 4200C. The stained and unstained areas of the right hemisphere were quantified with ImageJ 1.32j (NIH), and these values used to calculate the volume infarct expressed as a percentage of the lesioned hemisphere. Mice were assigned a neurobehavioral score at 2 and 24 h after MCAO by two observers blinded to genotype. A previously reported, scale was used (Stavrovskaya et al., 2004) , which is a modified version of the original neurologic examination grading system by Bederson et al. (1986) : 0, no neurological deficits; 1, failure to extend the left forepaw; 2, circling to contralateral side; 3, loss of ability to walk or loss of righting reflex; and 4, death before 24 h. An average of the two observer's scores determined the final assigned score.
Acutely dissociated neurons. Experiments were conducted in mice at 1.5 months (before overt behavioral symptoms begin) and 7 months (symptomatic). A total of 53 animals in the two age groups [13 and 17 transgenic animals (YAC128 [HD53]) at 1.5 and 7 months, respectively, and 9 and 14 WTs, respectively] were used. Experimental procedures were performed in accordance with the US Public Health Service Guide for Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at University of California, Los Angeles.
Acutely dissociated MSNs were obtained using previously described procedures (Bargas et al., 1994; Ariano et al., 2005; Starling et al., 2005; André et al., 2006) . Briefly, mice were anesthetized with halothane, transcardiacally perfused with 10 ml cold sucrose solution containing the following (in mM): 250 sucrose, 11 glucose, 15 HEPES, 1 Na 2 HPO 4 , 4 MgSO 4 , and 2.5 KCl (pH 7.4, 300 -310 mOsm), and decapitated. Brains were dissected and sliced (coronal sections, 350 m) in oxygenated cold sucrose solution and incubated in NaHCO 3 -buffered Earl's balanced salt solution. After 1 h dorsal striata were dissected, placed in an oxygenated cell-stir chamber and enzymatically treated for 20 min with papain (0.5 mg/ml, Calbiochem) at 35°C in a HEPES-buffered Hanks' balanced salt solution (pH 7.4, 300 -310 mOsm; Sigma). The tissue was rinsed with a low Ca 2ϩ HEPES-buffered Na-isethionate solution and mechanically dissociated with a graded series of fire-polished Pasteur pipettes. The cell suspension was plated into a Petri dish containing a HEPES-buffered salt solution.
Recordings were obtained on an upright Zeiss Axioskop Microscope. The internal pipette solution contained (in mM): 175 N-methyl-Dglucamine, 40 HEPES, 2 MgCl 2 , 10 EGTA, 12 phosphocreatine, 2 Na2ATP, 0.2 Na2GTP, and 0.1 leupeptin (pH 7.2-7.3, 265-270 mOsm, all from Sigma). The Mg 2ϩ -free external solution consisted of the following (in mM): 135 NaCl, 20 CsCl, 3 BaCl 2 , 2 CaCl 2 , 10 glucose, 10 HEPES, 0.02 glycine, and 0.0003 tetrodotoxin (pH 7.4, 300 -310 mOsm, Calbiochem). Electrode resistance was typically 5-6 M⍀ in the bath. After seal rupture, series resistance was compensated (70 -90%) and periodically monitored. Only data from cells for which access resistance values Ͻ20 M⍀ were included. Signals were detected with an Axoclamp 2B amplifier (Axon Instruments). Membrane capacitances and input resistances were measured by applying a 10 mV depolarizing step voltage command and using the membrane test function integrated in pClamp 8.2 (Axon Instruments).
Drugs were applied through an array of application capillaries positioned 500 -600 m from the cell using a pressure-driven fast perfusion system. Solution changes were performed by changing the position of the array with a DC drive system controlled by a SF-77B perfusion system (Warner Instruments). NMDA was applied for 3 s every 30 s. Responsiveness of cells to 100 M NMDA in the absence or presence of 50 M Mg 2ϩ was examined at a holding potential of Ϫ70 mV. The NMDAR specific antagonist 2-amino-5-phosphonovalerate was applied to confirm the specificity of NMDA-induced currents (data not shown).
Neurons in brain slices. Procedures for sacrificing mice and making slices were similar to those described above except slices were cut in oxygenated ice-cold low-Ca 2ϩ artificial CSF (ACSF) containing (in mM) 130 NaCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 5 MgCl 2 , 1 CaCl 2 , and 10 glucose. After cutting, slices were incubated in a chamber containing oxygenated ACSF and maintained at room temperature (25 Ϯ 2°C). After 1 h, slices were placed on the stage of an upright fixed stage Olympus BX51, submerged in continuously flowing ACSF. Whole-cell voltage-clamp recordings were performed with a MultiClamp 700A amplifier (Axon Instruments) in concert with Clampex acquisition software (v8.1, Axon Instruments). Data were low-pass filtered at 1 kHz and sampled at 10 kHz. The liquid junction potential was 2-3 mV and was not corrected. MSNs were visualized in slices with the aid of infrared videomicroscopy and were identified by somatic size, basic membrane properties (input resistance, membrane capacitance and time constant) (Cepeda et al., 1998) . Passive membrane properties of MSNs were determined in voltage-clamp mode by applying a depolarizing step voltage command (10 mV) and using the membrane test function integrated in the pClamp8 software (Axon Instruments). Series resistance was Ͻ25 M⍀ and was compensated 70 -80% and checked periodically. If the series resistance changed Ͼ10% by the end of the experiment the cell was discarded. The patch pipette (4 -5 M⍀) contained (in mM): 130 Csmethanesulfonate, 10 CsCl, 4 NaCl, 1 MgCl 2 , 5 MgATP, 5 EGTA, 10 HEPES, 0.5 GTP, 10 phosphocreatine, 0.1 leupeptin (pH 7.25-7.3, osmolarity 280 -290 mOsm) and 4 QX-314. All drugs used for brain slice experiments were purchased from Sigma.
NMDAR-mediated synaptic currents were evoked by electrical stimulation of afferent cortical fibers using a glass pipette filled with ACSF. The monopolar stimulating electrode was placed on the dorsolateral corpus callosum 150 -250 m from the recording electrode. Stimuli (0.1 ms pulse duration, 0.1-1.0 mA intensity) were delivered at intervals Ͼ30 s. Evoked NMDAR-mediated EPSCs were recorded at a holding potential of ϩ40 mV in ACSF containing 10 M bicuculline (BIC, a GABA A receptor antagonist) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX 10 M, a NMDAR antagonist).
Statistical analysis. Statistical analysis was done using Student's t test, 
Results
Increased sensitivity to excitotoxic stress in YAC128 mice before signs of illness We previously demonstrated that primary MSNs isolated from YAC72 and YAC128 line HD55ϩ/ϩ striata at birth are more vulnerable to NR2B-type NMDAR-mediated cell death ex vivo and display enhanced sensitivity to QUIN in vivo compared with WT neurons (Zeron et al., 2002 (Zeron et al., , 2004 Graham et al., 2006a,b; Shehadeh et al., 2006) . We now evaluated whether the most extensively used YAC128 line HD53, which expresses mhtt close to murine endogenous levels and develops a more severe phenotype compared with YAC128 line HD55ϩ/ϩ, also display enhanced susceptibility to excitotoxic stress. MSNs derived from embryonic WT and HD53 striata were assessed for susceptibility to NMDAR-mediated excitotoxicity as assessed by morphological criteria and TUNEL analysis (Graham et al., 2006a; Shehadeh et al., 2006) . We observe a significant increase in apoptotic cell death in HD53 MSNs compared with WT littermates after NMDA treatment (WT ϭ 12.5 Ϯ 1.2%, HD53 ϭ 27.0 Ϯ 2.9%, p ϭ 0.002) ( Fig. 1 A, 
B).
To determine whether the enhanced susceptibility to NMDAR-mediated excitotoxic stress observed in HD53 MSNs could be replicated in vivo, we next assessed vulnerability to QUIN in young HD53 mice. Assessment of QUIN-induced striatal neurotoxicity in 1.5-month-old mice (n ϭ 9) reveals both WT and HD53 mice have large numbers of Fluoro-Jade positive neurons, a fluorescent marker of degenerating cells (Schmued et al., 1997; Hansson et al., 1999) . However, there is a significant increase in the number of degenerating neurons in YAC128 striata compared with WT (WT ϭ 45872 Ϯ 14236, HD53 ϭ 95390 Ϯ 26397; p ϭ 0.04) (Fig. 1C) . Determination of QUIN-induced lesion volumes demonstrates a 95% increase in the YAC128 compared with WT striatum which approaches statistical significance (WT ϭ 0.84 Ϯ 0.36 mm 3 , HD53 ϭ 1.64 Ϯ 0.39 mm 3 , p ϭ 0.07) (Fig. 1 D) .
These data demonstrate that striatal neurons expressing fulllength mhtt have increased vulnerability to excitotoxins and that sensitivity to excitotoxic stress is an early feature in the YAC models of HD.
Mutant htt exacerbates neuronal dysfunction after stroke injury
As young YAC128 mice demonstrate increased vulnerability to glutamate receptor agonists, we postulated that mhtt may enhance neuronal dysfunction and cell death in response to other excitotoxic stimuli such as ischemia. We therefore sought to validate our previous finding using the stroke-induced model of neurodegeneration. Several studies have suggested that an excitotoxic process, involving excess glutamate release, underlies ischemia-induced injury (Chesselet et al., 1990; Choi and Rothman, 1990; Uemura et al., 1990; Gonzales et al., 1992) and that ischemia produces HD-like striatal damage (Ferriero et al., 1988; Chesselet et al., 1990; Uemura et al., 1990; Mallard et al., 1995) . Furthermore, ischemia-induced neuronal injury has been shown to be reduced by glutamate antagonists acting at the level of NMDA receptors (Newell et al., 1995; Morikawa et al., 1998; Zhang et al., 2007) . The middle cerebral artery was occluded (MCAO) in FVB/N mice expressing human mhtt (HD53) and littermate controls (n ϭ 11) at 1.5 months of age. At 2 and 24 h after stroke injury, a neurological assessment was performed on all mice to establish acute poststroke motor function and recovery from ischemia-induced injury, respectively.
After ischemic injury, YAC128 mice demonstrate a significant delay in the recovery of motor function compared with WT mice (two-way ANOVA, difference between genotypes, p ϭ 0.012, F (2,20) ϭ 7.6, difference over time p ϭ 0.017, F (2, 20) ϭ 6.7, interaction between genotype and time p ϭ 0.038, F (2,20) ϭ 4.9) (Fig. 2 A) . Comparison of recovery in WT versus YAC128 reveals that WT mice recover 23% of motor function 24 h after stroke. In contrast, YAC128 mice have a trend toward worsening of motor function (WT vs YAC128, p ϭ 0.007) (Fig. 2 B) . In addition, YAC128 transgenic mice demonstrate a 39% increase in stroke-induced lesion volume compared with their WT littermates with a trend toward statistical significance (WT ϭ 27.5 Ϯ 6.1% vs YAC128 ϭ 38.3 Ϯ 5.4%, p ϭ 0.09) (Fig. 2C) . These observations demonstrate that mhtt increases sensitivity to brain damage in presymptomatic YAC128 mice and parallels our findings in the other excitotoxicity paradigms.
Aging influences vulnerability to excitotoxic stress in vivo
A crucial and initial issue in assessing and interpreting the susceptibility to excitotoxicity at different stages of the illness and at different ages of the phenotype is to determine whether normal aging alone influences susceptibility to excitotoxic stress. We therefore examined sensitivity to QUIN-induced neurotoxicity in FVB WT mice at different ages. Animals received intrastriatal QUIN injections at 1.5, 3, 6, 10, 12 and 18 months of age. Seven days after injection, the mice were perfused and the brains processed for Fluoro-Jade staining. A 4 nM dose was chosen for the 1.5-and 3-month-old mice and a 6 nM dose used for the 6 month and older age group. The reason for the different doses reflects the increased sensitivity to QUIN in young mice. Indeed, a pilot study revealed that a dose of 6 nM led to severe seizures and death in the 1.5-and 3-month-old mice.
Overall, striatal lesion volumes in the younger age group (1.5, 3 and 6 months) were larger than those in the older mice (10, 12 and 18 months) despite the lower QUIN dose administered at 1.5 and 3 months (Fig. 3A) . No difference in striatal lesion volume is observed between the 1.5-and 3-month-old WT mice ( p ϭ 0.92, n ϭ 10). ANOVA analysis of lesion volume in 6-, 10-, 12-and 18-month-old mice reveals a significant difference in susceptibility to QUIN with age (ANOVA: p ϭ 0.02; lesion volume in 6 vs 18 month, p Ͻ 0.05, 6m ϭ 6.90 Ϯ 2.01 ϫ 10 8 m 3 ; 18m ϭ 0.28 Ϯ 0.09 ϫ 10 8 m 3 , n ϭ 10). Student's t test analysis demonstrates a significant difference between 6 and 18 months ( p Ͻ 0.01), 10 and 18 months ( p Ͻ 0.05) and a trend toward significance between 6 and 12 months ( p ϭ 0.056). Linear regression analysis demonstrates a strong inverse correlation between age and QUIN-induced lesion volume in FVB mice (r 2 ϭ 0.9501, p ϭ 0.02) (Fig. 3B) . The characterization of the excitotoxic phenotype in the striata of these WT FVB mice demonstrates a reduced susceptibility to striatal QUIN-induced neurotoxicity with increasing age.
Susceptibility to excitotoxic stress in YAC128 models of HD is dependent on the stage of the HD phenotype To determine the combined influence of age and disease stage on the excitotoxic phenotype, we next performed intrastriatal injections of QUIN in WT and in two separate YAC128 lines (HD55ϩ/ϩ and HD53) at different ages. We have previously demonstrated that onset and progression of HD is modulated by levels of mhtt in the YAC128 mouse models (Graham et al., 2006b ). HD55ϩ/ϩ express ϳ20% less mhtt than HD53 and demonstrate a correspondingly less severe phenotype (Fig. 4 A) . Initially, and before obvious and detectable signs of illness in the mice (1.5 and 3 months), the striata of YAC128 mice demonstrate enhanced sensitivity to QUIN-induced neurotoxicity compared with WT (1.5 months: WT ϭ 0.73 Ϯ 0.17 ϫ 10 9 m 3 , HD53 ϭ 1.16 Ϯ 0.29 ϫ 10 9 m 3 ; p ϭ 0.19, n ϭ 10; 3 months: WT ϭ 0.70 Ϯ 0.25 ϫ 10 9 m 3 , HD53 ϭ 1.04 Ϯ 0.21 ϫ 10 9 m 3 , HD55ϩ/ϩ ϭ 1.86 Ϯ 0.28 ϫ 10 9 m 3 , ANOVA, p Ͻ 0.009, WT vs HD55ϩ/ϩ, p Ͻ 0.01, n ϭ 10) (Fig. 4 B) . In sharp contrast, HD53 mice with obvious motor, cognitive and neuropathologi- cal changes of HD (10 month old), demonstrate resistance to QUIN compared with their WT littermates (WT ϭ 0.43 Ϯ 0.12 ϫ 10 9 m 3 , HD53 ϭ 0.10 Ϯ 0.05 ϫ 10 9 m 3 , p ϭ 0.02, n ϭ 10) (Fig. 4 B) . Similarly, HD55ϩ/ϩ mice demonstrate a trend toward resistance at 12 months with a 64% decrease in lesion volume compared with WT control (WT ϭ 0.25 Ϯ 0.11 ϫ 10 9 m 3 HD55ϩ/ϩ ϭ 0.09 Ϯ 0.06 ϫ 10 9 m 3 , p ϭ 0.24, n ϭ 10). These data reveal a clear alteration in the excitotoxic phenotype in the HD53 mice from enhanced sensitivity to excitotoxins in presymptomatic mice to resistance at a time when signs of HD are obvious. Comparison of 6 and 10 month lesion volumes in HD53 and WT mice reveal a significant interaction between genotype, age and lesion volume (6 months: WT ϭ 0.69 Ϯ 0.20 ϫ 10 9 m 3 , HD53 ϭ 1.11 Ϯ 0.27 ϫ 10 9 m 3 , n ϭ 10, two-way ANOVA p Ͻ 0.004, F (2,34) ϭ 12.6). Linear regression analysis demonstrates that, similar to WT mice, age affects QUINinduced lesion volume in the YAC128 mice (HD53, r 2 ϭ 0.8661, p ϭ 0.06) (Fig. 4C) . However, the presence of mhtt accelerates the age-dependent excitotoxic phenotype demonstrated by an increase in the rate of progression in HD53 versus WT (WT, r 2 ϭ 0.9647, p ϭ 0.0005, HD53, r 2 ϭ 0.8661, p ϭ 0.06, difference between slopes p ϭ 0.01, F (1,98) ϭ 13.3) (Fig. 4C) . This is also observed in HD55ϩ/ϩ mice which demonstrate initial enhanced sensitivity to QUIN-induced lesions at 3 months progressing toward resistance at 12 months. Based on the linear regression data comparing QUIN-induced lesion volume and age, onset of the resistance phenotype would be predicted to occur at 6.9 months in HD53, the YAC HD line with the most severe phenotype and at 8.6 months in HD55ϩ/ϩ (Fig. 4 D) .
Disease dependent biphasic changes in NMDAR-mediated currents in YAC128 MSNs
The next step was to examine whether these evolving changes in the excitotoxic phenotype were paralleled by electrophysiological changes. Initially, we measured basic membrane properties as an indication of the functional state of neurons. Previously, we have shown that as the phenotype develops in the R6/2 mouse model of HD, input resistance increases while capacitance and time constants decrease Starling et al., 2005) . Input resistance is an index of channel function at rest and is generally considered to reflect functional capacity of specific K ϩ channels which we have shown are altered in mouse models of HD (Ariano et al., 2005) . Capacitance and time constants can be considered measures of somatic and dendritic field size. At 1.5 months of age, there are no significant differences in passive membrane properties between neurons obtained from YAC128 (HD53) and WT mice (Table 1) . At 7 months, however, when obvious motor and cognitive changes are present in the YAC128 line HD53 mice, input resistance increases in neurons from HD53 mice (Table 1 ) ( p Ͻ 0.05). Mean capacitance and time constant are significantly reduced at 7 months in neurons from HD53 mice (Table 1 ) ( p Ͻ 0.05 for both capacitance and time constant). These data demonstrate that electrophysiological changes are occurring in the YAC128 model with development of the phenotype.
We next examined postsynaptic NMDA currents in the acutely isolated neurons as an indication of NMDAR function. Application of 100 M NMDA produces a characteristic response in MSNs consisting of an initial peak followed by a steady state component at all ages (Fig. 5) . We measured peak current and peak current density. Current density was obtained by dividing peak current by cell capacitance to normalize values with respect to the size of the cell (Alzheimer et al., 1993) . At 1.5 months peak NMDA currents and current densities are significantly increased in neurons obtained from HD53 mice ( p Ͻ 0.01; p Ͻ 0.001 for peak current and current density, respectively) (Fig. 5) . Addition of 50 M Mg 2ϩ produced an approximately equal percentage decrease in peak currents in both groups (75 Ϯ 2.7 vs 76 Ϯ 1.5% for WT and HD53, respectively). In marked contrast, at 7 months, peak NMDA currents and current densities are significantly smaller in neurons obtained from HD53 compared with WT mice ( p Ͻ 0.01; p Ͻ 0.001 for peak current and current density, respectively) (Fig. 5) . The change is due primarily to a No difference between genotypes is observed for baseline gross sensorimotor behavior 2 h after stroke injury. B, Percentage recovery from MCAO is significantly reduced in YAC128 (HD53) mice versus WT ( p Ͻ 0.01). In contrast to WT mice, which demonstrate an improvement in motor function 24 h after ischemia (23%), YAC128 (HD53) continue to perform poorly (Ϫ4%). C, Representative images of infarct volume in YAC128 (HD53) versus WT coronal sections reveal the ischemic-induced damage by TTC staining. Quantification of lesion volume demonstrates a 39% increase in YAC128 (HD53) compared with control which approaches statistical significance ( p Ͻ 0.09). Lesion volume is ϮSEM. *p Ͻ 0.05; **p Ͻ 0.01.
significant increase in peak current and current density in WTs ( p Ͻ 0.001). Although there are decreases in mean peak currents and densities in neurons from HD53 mice between 1.5 and 7 months these are not statistically significant.
We next examined NMDA currents evoked synaptically at the two ages to determine both presynaptic and postsynaptic contributions. At a holding potential of ϩ40 mV and in the presence of BIC and CNQX evoked synaptic responses mediated by activation of NMDARs appear as outward currents with a peak between 15 and 20 ms after the stimulus followed by a slow decay. At 1.5 months, thresholds for evoking NMDAR-mediated synaptic currents are higher in neurons obtained from WT than HD53 mice (0.24 Ϯ 0.02 vs 0.16 Ϯ 0.01 mA for WT versus HD53; p Ͻ 0.005) indicating greater excitability. Peak currents also are significantly greater in neurons from HD53 than WT mice between 0.2 and 0.5 mA stimulus intensities ( p Ͻ 0.05) (Fig. 6 A, C, left graph) . At higher stimulus intensities (0.6 -1.0 mA) evoked peak currents are similar. In contrast to the increase in NMDAR mediated current observed at 1.5 months, at 7 months neurons from HD53 mice display smaller mean peak synaptic currents. Peak currents are significantly smaller at the highest stimulus intensities (0.9 -1.0 mA; p Ͻ 0.05) (Fig. 6 B, right graph) . Thresholds for evoking synaptic responses are similar at 7 months (0.25 Ϯ 0.02 vs 0.24 Ϯ 0.02 mA in for WT vs HD53, respectively). Comparisons were also made between cells from WT and HD53 mice at the two ages. There are no significant differences in mean currents at each intensity for neurons obtained from WT mice at 1.5 and 7 months. In marked contrast, mean currents at 0.2-0.8 mA stimulus intensities are significantly smaller for neurons obtained from HD53 mice at 7 compared with 1.5 months ( p Ͻ 0.001, p Ͻ 0.05).
Discussion
This study demonstrates that susceptibility to excitotoxic stress is different in the YAC128 mouse models of HD depending on the stage of development of the phenotype. At an early age, before obvious signs, YAC128 mice display enhanced sensitivity to multiple excitotoxic stressors such as NMDA, QUIN and ischemia demonstrated by an increase in neuronal dysfunction and cell death compared with WT mice. These findings are paralleled at the cellular level by a significant increase in NMDAR-mediated membrane currents in YAC128 neurons compared with WT. Furthermore, thresholds for evoking NMDAR-mediated membrane currents are decreased in dissociated neurons from YAC128, correlating with the enhanced sensitivity to exogenous agonists observed. This increased susceptibility occurs before detection of cognitive and motor abnormalities in the HD mice. The excitotoxic phenotype in the YAC128 model gradually progresses to resistance to QUIN-induced neurotoxicity with disease manifestation and progression. Parallel changes are observed in MSNs isolated from YAC128 striata which demonstrate decreased NMDAR membrane currents with disease progression. At this stage we also observe smaller mean peak synaptic currents in the YAC128 neurons compared with WT. These findings suggest that susceptibility to excitotoxic stress is a dynamic process in HD and supports therapeutic strategies aimed at decreasing levels of excitotoxic stress before detection of obvious signs of the illness.
In the present study, we demonstrate that presymptomatic YAC128 mice have increased sensitivity to NMDA ex vivo and QUIN in vivo, consistent with findings from several mouse models of HD (Tables 2, 3 ). Studies performed on human HD brain tissue also highlight excitotoxic neuropathological changes as an important marker of the disease. Increased levels of glutamate are observed in the striatum of patients with early HD (TaylorRobinson et al., 1996) . As medium spiny neurons of the neostriatum receive glutamatergic input from most cortical regions, the increased levels of glutamate and/or QUIN may cause overactivation of NMDARs leading to excitotoxicity. Furthermore, Golgi impregnation studies performed on human HD brain tissue reveal there are marked alterations in the neuronal morphology of spiny striatal neurons, potentially as a result of excess glutamate receptor stimulation (Graveland et al., 1985; Ferrante et al., 1991) . Increased spine density and altered dendritic morphology is observed in other neurological conditions where excitotoxic has been implicated as an underlying mechanism, including epilepsy, fragile X syndrome, schizophrenia and HIV-related dementias (Smart and Halpain, 2000) . An increased number of dendritic spines and/or dendritic arbors may promote excitability and exacerbate neuronal cell death.
In addition to the early enhanced sensitivity to NMDA and QUIN in the YAC model, we also observe a significant effect of mhtt on recovery from ischemia-induced injury. Transient global ischemia in rats yields selective striatal neuronal loss reminiscent of HD and similar to the QUIN acute model of HD (Meade et al., 2000) . However, conflicting results have been published in other mouse models of HD with regards to susceptibility to ischemia. The R6/1 mice are resistant to cerebral global ischemia (Schiefer et al., 2002) , while no effect is observed in the HdhQ92 knock-in model to mild focal ischemia (Namura et al., 2002) . The reason for this apparent discrepancy may simply reflect the stage of disease of the animals at the time of testing. Indeed, a longitudinal study of susceptibility to an ischemic challenge in the R6/2 model revealed an age-dependent biphasic response with initial sensitivity progressing to resistance with disease progression . The delay in recovery in YAC128 mice after stroke likely reflects increased neuronal damage that results from enhanced sensitivity to excitotoxicity compared with WT animals and may also be influenced by increased neuroinflammation in YAC128 animals. Indeed, YAC128 mice show enhanced immune activation (Björkqvist et al., 2008) which is known to accelerate cerebral ischemic injury (Lee et al., 2005) .
Consistent with studies on rats, our data demonstrate that FVB WT mice have an age-dependent decrease in susceptibility to excitotoxic stress. Several lines of evidence support the hypothesis that age-related effects, such as reduced levels of NMDAR (Peterson and Cotman, 1989; Magnusson and Cotman, 1993) , increased kynurenic acid concentrations (Moroni et al., 1988) and diminished striatal excitatory synaptic input, lead to decreased vulnerability to excitotoxins with normal aging (Cepeda et al., 1989 (Cepeda et al., , 1996 Finn et al., 1991) . Furthermore, morphological changes occur including decreases in synaptic density, spine density and loss of distal dendritic segments, correlating with the reduced susceptibility observed (Levine et al., 1987; Ingham et al., 1989) .
Indeed, the YAC128 models demonstrate an age-dependent response to neuronal excitability. However, in the YAC models there is an acceleration of the biphasic response to excitotoxic stress, suggesting mhtt lowers the threshold for activation of neuronal excitability and sensitizes neurons to excitotoxic damage. Once initiated, these pathways appear to progress inexorably toward resistance to excitotoxicity.
In vivo studies done in the R6/2 model demonstrate that the R6/2 line is resistant to QUIN-induced neurotoxicity (Hansson et al., 2001) . However, in the more sensitive brain slice model, it has been shown that the R6/2 model displays early enhanced sensitivity to NMDA (Levine et al., 1999; Starling et al., 2005) . Interestingly, and similar to our findings in the YAC mice, studies done on the less severely affected R6/1 line show a biphasic response to QUINinduced neuronal damage with initial increased lesion volume progressing to a resistance later in the phenotype (Hansson et al., 2001) . This raises the possibility that therapeutic approaches to downregulate excitotoxic stress early may provide benefit in the YAC and R6 models. The critical questions remaining are whether the resistant phenotype observed is due to selective loss of the neuronal types that are highly vulnerable to excitotoxins, cortico-striatal dysfunction with consequent reduction of spine density and/or synapse loss in MSNs or an attempt by the neurons to invoke compensatory mechanisms to downregulate the response to excitotoxic stress.
The electrophysiological data from both acutely dissociated neurons and striatal slices demonstrate a diseasedependent biphasic change in NMDAR function level and provide physiological data supporting the excitotoxicity studies. In acutely dissociated and MSNs in slices from YAC128 mice before the development of the phenotype, NMDA responses are larger than those from WTs. These early increases are in agreement with data from cultured neurons in other YAC models (Zeron et al., 2002) and R6/2 mice Starling et al., 2005) as well NMDAR-mediated synaptic responses examined in slices in YAC72 mice (Li et al., 2004) . Different mechanisms might underlie this enhancement, including altered receptor subunit composition, changes in Ca 2ϩ signaling and/or transduction systems and altered receptor trafficking (Fan and Raymond, 2007) . Measurements . Susceptibility to excitotoxic stress in YAC128 mouse models of HD is dependent on the stage of the HD phenotype. A, Levels of mhtt in YAC128 line HD55ϩ/ϩ and HD53. A more severe phenotype is observed in the higher mhtt expressing line HD53. B, The presence of mhtt influences the response to QUIN-induced neurotoxicity with initial enhanced sensitivity to excitotoxic stress progressing to resistance later in the phenotype. HD55ϩ/ϩ demonstrate an increase in lesion volume versus WT at 3 months of age ( p Ͻ 0.01) and a trend toward resistance at 12 month. HD53, which demonstrates enhanced sensitivity at 1.5 months, are resistant to QUIN-induced excitotoxicity at 10 months of age ( p Ͻ 0.05). A significant difference is observed in lesion volume between HD55ϩ/ϩ and HD53 at 3 months of age ( p Ͻ 0.05). C, Linear regression analysis reveals an increased rate of progression of the excitotoxic phenotype is observed in HD 53 mice as revealed by an increase in the slope of HD53 versus WT ( p ϭ 0.01). D, Onset of the resistance phenotype in HD53 occurs earlier than HD55ϩ/ϩ, at 6.9 and 8.6 months respectively. Lesion volume is ϮSEM .*p Ͻ 0.05; **p Ͻ 0.01. of NR1/NR2B mRNA levels in human HD neostriatum have been shown to be increased within specific areas early in the disease (Arzberger et al., 1997) . In addition, NR2A and NR2B receptor gene variations have been shown to modify age at onset in HD (Arning et al., 2005) . As the disease phenotype develops and progresses the differences reverse and by 7 months, NMDA responses are smaller in MSNs from YAC128 compared with WTs. In dissociated neurons, this reversal is paralleled by increases in peak currents and current densities in MSNs of WT but not YAC128 mice. In the YAC128 model, there is an increased rate of removal/degradation of surface NMDA receptors in MSNs paralleled by enhanced NR2B cleavage at 12 months of age in the striatum (Cowan et al., 2008) . This enhanced NR2B degradation with disease progression may underlie the resistance phenotype observed. Additional factors that may contribute include neuronal loss in the YAC animals (Lerch et al., 2008) and/or degenerative changes, such as thinning and loss of dendritic length and spines, as seen in other models of HD (Klapstein et al., 2001 ). Interestingly, the appearance of striatal inclusions in both the YAC128 and R6/2 models correlate with onset of the resistance phenotype (Hansson et al., 2001; Slow et al., 2005) . This suggests that nuclear inclusions may trigger mechanisms that protect neurons against excitotoxic stress. Indeed, it has recently been demonstrated that expression of mhtt is associated with accumulation of Hsp70 (King et al., 2008) , overexpression of which provides protection against glutamate, malonate and 3-nitropropionic acid (Dedeoglu et al., 2002; Mokrushin et al., 2005) .
In brain slices of young mice, the YAC128 cell currents have the same peak amplitude as WTs, however are evoked at lower stimulus intensity. These data might indicate a larger NMDA current per synapse, but fewer synapses. In older mice, the NMDA currents from YAC128 mice have similar characteristics to those of WT animals in terms of stimulus intensity, but are smaller, consistent with the current and current density data. Overall, the results may imply that extrasynaptic receptors mediate increased QUIN sensitivity early, whereas decreased synaptic . Biphasic changes in NMDA receptor-mediated synaptically evoked currents in MSNs in slices from YAC128 and WT mice. A, B, Examples of typical synaptic responses at increasing stimulus intensities obtained from MSNs from WT and YAC128 (HD53) mice at 1.5 and 7 months, respectively. C, D, Graphs showing increased mean currents at 1.5 months and decreased mean currents at 7 months between YAC128 (HD53) and WT mice, respectively. *p Ͻ 0.05. and extrasynaptic effects mediate decreased QUIN sensitivity as the disease progresses.
We have shown previously in other HD mouse models that the development of symptoms is paralleled by a disconnection between the cortex and striatum and a reduction in spontaneous excitatory synaptic currents of MSNs (Cepeda et al., 2003) . Synaptic NMDAR activation would be affected by such a disconnection. This component will not necessarily be evident in the acutely dissociated neurons. Furthermore, it is well known that cortical input influences susceptibility to excitotoxicity within the striatum. Indeed, lesioning of the cortex has been shown to prevent excitotoxic damage from occurring in the striatum (McGeer et al., 1978; Biziere and Coyle, 1979) . The decrease in lesion size over age may reflect a natural progressive disconnection between cortex and striatum that is exacerbated in the HD models (Cepeda et al., 2007) leading to even smaller lesions in transgenic mice.
Numerous studies have been done in the R6/2 line in an attempt to explain the resistance phenotype. In this model, the resistance phenotype occurs before overt cell death of neurons or astrocytes (Hansson et al., 1999) . Increased Ca 2ϩ buffering capacity is observed in the R6/2 line (Hansson et al., 2001) , potentially suggesting that preconditioning of the neurons leads to an increase capacitance to handle higher levels of Ca 2ϩ . Surprisingly, however, no increase in proteins expected to modulate Ca 2ϩ buffering are observed. There is, however, decreased spine density in striatal neurons from symptomatic R6/2 mice (Klapstein et al., 2001) , correlating with the reduced susceptibility to excitotoxic stress.
Human HD brain also shows decreased dendritic length and spine density in later stages of the disease (Graveland et al., 1985; Ferrante et al., 1991) . During excessive excitotoxic stimulation, such as using excessive levels of glutamate analogs and/or ischemia-induced damage, neurons undergo rapid alterations in dendritic structures including focal swelling and spine loss (for review, see Smart and Halpain, 2000) . In the case of HD, it may be that a steady accumulation of glutamate and QUIN initially enhances neuronal sprouting and excitotoxic stress. Indeed, in vitro studies have shown that low levels of glutamate cause increased spine formation (Richards et al., 2005) . However, the constant mhtt-induced stress may over time lead to a preconditioned state in the neurons, causing an increase in threshold levels required to trigger neuronal excitability. In the case of the YAC mice, we observe increased levels of QUIN at a time when the neurons are resistant to exogenous glutamate stimulation. Alternatively, it is possible that the alterations observed in spines in end stage human HD brain reflect a response to decreased levels of glutamate and or QUIN. In fact, spines require signals from their afferent neurons to remain intact (Kemp and Powell, 1971) . QUIN levels in humans would support this observation with levels initially increased and subsequently downregulated in the advanced stage of the disease (Guidetti et al., 2004) .
The results of this study support a critical role for excito- Several HD mouse models demonstrate enhanced sensitivity to NMDAR-mediated excitotoxic stress early in the phenotype. P, Postnatal day. toxic mechanisms early in the pathogenesis of HD and suggest there may be a window of opportunity for the therapeutic use of compounds which modulate glutamate receptor activity. Our evidence supports the most efficacious use of glutamate antagonists early in the course of the disease, preferably during the presymptomatic stage when excitotoxic mechanisms are predominant.
